Abstract. Following nuclear decay, a daughter atom in a solid will "stay in place" if the recoil energy is less than the threshold for displacement. At high temperature, it may subsequently undergo long-range diffusion or some other kind of atomic motion. In this paper, motion of 111 Cd tracer probe atoms is reconsidered following electron-capture decay of 111 In in the series of In 3 R phases (R= rare-earth). The motion produced nuclear relaxation that was measured using the method of perturbed angular correlation. Previous measurements along the entire series of In 3 R phases appeared to show a crossover between two diffusional regimes. While relaxation for R= LuTb is consistent with a simple vacancy diffusion mechanism, relaxation for R= Nd-La is not. More recent measurements in Pd 3 R phases demonstrate that the site-preference of the parent In-probe changes along the series and suggests that the same may occur for daughter Cd-probes. Anomalous motion observed for R= Nd-La is attributed to "lanthanide expansion" occurring towards La endmember phases. For In 3 La, the Cd-tracer is found to jump away from its original location on the Insublattice in an extremely short time, of order 0.5 ns at 1000 K and 1.2 ms at room temperature, a residence time too short to be consistent with defect-mediated diffusion. Several scenarios that can explain the relaxation are presented based on the hypothesis that daughter Cd-probes first jump to neighboring interstitial sites and then are either trapped and immobilized, undergo long-range diffusion, or persist in a localized motion in a cage.
Introduction
Perturbed angular correlation of gamma rays (PAC) is a classic method for detecting nuclear hyperfine interactions, like Mössbauer effect and nuclear magnetic resonance [1] . In 2004, it was shown that PAC could be used to study atomic-motion of PAC probe atoms in solids when diffusive jumps lead to fluctuating electric-field gradients (EFG) [2] . This and subsequent related studies in this laboratory were carried out using the 111 In radionuclide, that has a meanlife of 4.0 days and decays by electron-capture into an excited state of 111 Cd, followed by emission of two gamma-rays in a cascade that has an intermediate 247 keV PAC level with long meanlife of 120 ns. PAC is used to measure the interaction of the local EFG with the quadrupole moment of the 247 keV level, that is monitored in the time domain as a quadrupole perturbation function, or "PAC spectrum". For more details about experimental methods, see [1] and [2] and references therein. Stochastic jumps of the probe atom produce fluctuating EFG's and damped perturbation functions. The initial system studied was 111 In in the highly-ordered intermetallic compound In 3 La, with the L1 2 , or Cu 3 Au, structure ( Fig. 1) [2] . The In-sublattice includes the face-centered sites. Vacancies moving on the sublattice cause atoms to jump to neighboring lattice sites, as illustrated by arrows in the figure. Principal axes of the EFG tensors at the lattice sites are aligned along X, Y, or Z cube axes, as shown, and it can be seen that each atomic jump to a near-neighbor site on the sublattice leads to reorientation of the EFG at the nucleus by 90 o , causing decoherence in the precessions of a nucleus when the mean residence time of the atom at a site is less than the lifetime of the PAC level. This is a simple vacancy diffusion mechanism for atoms on the In-sublattice. -sublattice causes reorientation of the  EFG at the nucleus of a jumping atom by 90 o . The fluctuating EFG leads to decoherence in precessions of the nuclear quadrupole moment of the PAC level of 111 Cd. An alternative motion considered in this paper is of a Cd atom jumping from the Insublattice to an interstitial lattice location such as at or near the octahedral interstitial site at the center of the unit cell.
In Fig. 2 are shown quadrupole perturbation functions for 111 In/Cd in In 3 La measured at different temperatures. Experimental spectra can be fitted with numerical spectra simulated for a specified diffusion mechanism and used to obtain precise values of the mean jump-frequency (inverse of the mean residence time of probe atoms at a site). Fig. 2 shows experimental spectra measured at the indicated temperatures. Fig. 3 shows an Arrhenius plot of such fitted jump-frequencies measured for boundary compositions that were more In-rich (x 1 ) or In-poor (x 2 ). While In 3 La and all the In 3 R phases appear as "line compounds" in In-R binary phase diagram, there is always a finite width to the phase field, of the order of a fraction of an atomic percent, so that, as can be seen from Fig. 3 , even a small compositional difference can leads to a large difference in the jump-frequency [3] . By making measurements on slightly two-phase samples, e.g. with mean compositions of 24.5 and 25.5 Fig. 3 . Arrhenius plots of relaxation-frequencies for In 3 La samples (from [2] ). Values are from fitting spectra in Fig. 2 assuming that the observed relaxation was caused by the simple vacancy diffusion mechanism. Data are shown for samples having In-rich (x 1 ) and In-poor (x 2 ) boundary compositions It can be seen that jump-frequencies are 10-100 times greater for the In-rich sample. (Actual jump-frequencies are a factor of 2 greater than shown in the figure; see erratum in [2] at.% La, compositions of the very narrow L1 2 phase-field are stabilized against slight changes in the mean composition due to evaporation of one or other of the alloy constituents during the day-long measurements [3] . For the In-rich data set in Fig. 3 , the fitted jump-frequency activation enthalpy was 0.53(1) eV, with prefactor 1.02(14) THz [2] . Corresponding values for the In-poor set were 0.81 eV and 1.4(2) THz. The prefactors are of the order of typical vibrational frequencies of atoms in solids and are identified as jump-attempt frequencies.
The composition dependence of jump-frequencies shown in Fig. 3 is surprising. Concentrations of point-defects in compounds vary monotonically with composition so that, with increasing Incomposition, the mole-fraction of In-vacancies (V In ) can only decrease. This trend rules out the simple In-sublattice vacancy diffusion mechanism as causing the observed nuclear relaxation in In 3 La. Alternative mechanisms, such as a six-jump cycle involving a jump sequence between Inand La-sites [4] were suggested as possible explanations for the observations in ref. [2] .
Relaxation over the Entire Series of In 3 R Phases
The initial study on In 3 La was followed by systematic measurements over the entire series of rare-earth tri-indides [5] , which all have L1 2 structure. Results are summarized as a function as a function of lattice parameter in Fig. 4 (from [5] ). The vertical coordinate is the inverse of the temperature at which the jump-frequency is equal to 10 MHz, and was chosen as a convenient way to represent an entire Arrhenius plot of jump-frequencies with a single parameter rather than two (see [5] for details.) The jump-frequency is greater for In-rich boundary compositions (closed symbols) for R= La, Ce, Pr phases that have large lattice parameters, and greater for In-poor compositions (open symbols) for phases having smaller lattice parameters, with a crossover in behavior near R= Gd, Sm, Nd. This change in behavior is emphasized by dashed lines drawn on the figure that suggest trends extrapolated from either end of the series. Results shown in Fig. 4 were taken to indicate the existence of two distinct diffusion mechanisms, with crossover between dominant mechanisms near the middle of the series. Behavior for phases with smaller lattice parameters that have greater jump-frequencies in In-poor samples is consistent with the simple Insublattice vacancy diffusion mechanism. A difference between the two ends of the series is that while the ratio of jump frequencies for In-rich and In-poor samples is 10-100:1 for In 3 La (see Fig.  3 ), the ratio was observed to be uniformly close to 1:3 for end-members Sc, Lu, Tm (see, e.g., [5] ). The factor of three suggests that the mole fraction of In-vacancies is three times greater in In-poor samples than in In-rich samples.
Relaxation and Site-Preferences in Pd 3 R Phases
More recent measurements on the parallel series of Pd 3 R phases [6] have given insight into the behavior for the light lanthanide (Ln) indides (R= La, Ce, Pr) [7] . The parent 111 In probes, which are impurities in Pd 3 R phases, were found to strongly prefer to occupy Pd-sites in the heavier lanthanide-palladides that have small lattice parameters (R= Lu...Tb), and to prefer R-sites in the lighter lanthanide-palladides that have large lattice parameters (R= Eu...La). Indeed, no 111 In probes were found to occupy the Pd-sublattice in Pd 3 La. At the same time, nuclear relaxation (and consequently the jump-frequency) of Cd-daughter probes was undetectably small for the heavy palladides (R= Lu...Tb) while relaxation was appreciable and increased along the series R= Sm, Eu, Nd, Pr, Ce. This increase was taken to indicate increasing instability of Cd impurities on the Pdsublattice following decay of In into Cd; that is, a change in site-preference of Cd along the series [7] . The similarity in the increase in jump-frequencies in the light indides and palladides (see [7] ) was taken to infer that there are parallel changes in site-preference for Cd-solutes in both the indide and palladide series with R= Nd, Pr, Ce, La. The mole-fraction of La-vacancies will be greater in In-rich samples, seemingly consistent with the jump-frequencies shown in Fig. 4 . However, from Fig. 2 , it can be seen that the jump-frequency for In-rich In 3 La extrapolated to room temperature is 800 Hz [2] , an extraordinarily high frequency for vacancy-mediated diffusion at low temperature since the vacancy jump-frequency itself would have to be much greater. Diffusion mechanisms consistent with a mechanism involving La-vacancies, such as the six-jump mechanism [4] , are complex and have high activation enthalpies that appear to rule out such large relaxation frequencies. Therefore, vacancy-mediated diffusion mechanisms appear unable to explain the observed relaxation in the light-lanthanide indides (R= La, Ce, Pr).
For lack of alternatives, it is assumed that Cd-probes in the light-lanthanide phases jump from the In-or Pd-sublattice to an interstitial lattice location, a scenario not considered in the seminal paper [2] on In 3 La or in [5] . For further details, see [7] . Trends suggested in Fig. 4 by the dashed lines extrapolated from the domain of small lattice parameters indicate that the rate of jumps via the simple In-sublattice vacancy diffusion mechanism are completely negligible in comparison with the interstitial transfer mechanism for In 3 La. The reason why the jump frequency due to the sublattice vacancy diffusion mechanism decreases so dramatically as the lattice parameter increases is unknown. Presumably it is the result of trends in the vacancy formation and migration enthalpies along the series and is an interesting subject for theoretical study. As a final note, an alternative explanation of the observations has been proposed based on density-function theory calculations of the formation enthalpies of point defects in end-member phases In 3 La and In 3 Lu [8] . The interaction enthalpy between near-neighbor In-and R-vacancies was also calculated. An attractive association enthalpy of 0.2 eV was found for In 3 La that was absent for In 3 Lu. This opens up the possibility that correlated divacancy migration may contribute to atomic motion in In 3 La, but further computational work is needed.
Lanthanide Expansion
Since the chemistry of rare-earth elements is so similar, differences in diffusion behavior along both the In 3 R and Pd 3 R series are attributed to variations in lattice parameters. Fundamental identification of preferred lattice locations and diffusion mechanisms can be pursued using densityfunction theory methods such as Wien2k [11] . Instead, elementary considerations make plausible the idea that daughter Cd-atoms jump to interstitial sites in In 3 R and Pd 3 R phases for two reasons.
(1) Lattice expansion in going towards the La end-member phases is correlated directly with a volume increase of interstitial sites, and (2) the expansion likewise reduces steric hindrance surrounding the In or Pd sites. The lattice is simply "looser" for the La end-member phases. Calculations are based on atomic radii of host atoms Pd, In and R and probe atoms In and Cd. These are taken to equal half the distances of closest approach d in the elemental metals [9] , 3.25, 2.75, 3.73, 3.65, 3.43 and 2.98 angstroms, respectively, for In, Pd, La, Ce, Lu and Cd. Since the rare-earth atoms are larger than Pd, In or Cd atoms, they control the spacings between atoms in the structure. Structural data for six phases are presented in Table 1 . For a pure phase A 3 B, the distance along the close-packed <110> direction from atom B to B is equal to a 2 (length of a diagonal across a face of the unit cell in Fig. 1 ), which can be compared with the sum of the Table 1 . Structural parameters for selected phases. Lattice parameters a and distances of nearest approach in elements are in angstroms, with lattice parameters from [10] and distances from [9] . 
is a measure of the degree of compression of the structure equal to abou caused by binding, and is t 0.27 A and 0.50 A, respectively, for the In 3 R and Pd 3 R phases (columns 3 and 4 in Table 1 ). The distance between neighboring atoms on the In-or Pdsublattice is equal to 2 / a , with the difference 2 / a d A  giving a corresponding measure of compression between s (column 5). The are found to be mostly negative, indicating existence of "open space", or less steric hindrance, between A-atom pairs, and even more open space when a small Cd atom replace a larger host In-atom (compare columns 5 and 6). These trends support the idea that a daughter Cd-probe is more able to jump to a interstitial site in phases with light lanthanide elements R= La, Ce, etc.
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The increasing relaxati ides is correlated with increasing lattice parameters and, as a consequence, greater volumes for interstitial sites. As shown elsewhere via DFT calculations [8] , Cd impurities preferentially occupy In sites over rare-earth sites in the end-member In 3 La and In 3 Lu phases. However, this does not rule out the possibility that the enthalpy of a Cd impurity is even lower at an interstitial lattice location than at an In-site in the "expanded" phase In 3 La. Following decay of 111 In, it is proposed that 111 Cd-solutes in In 3 La and similar phases jump to a nearby interstitial site, most probably at or close to the octahedral interstitial site at center of the unit cell pictured in Fig. 1 . The initial jump to an interstitial site may be followed by one of various scenarios.
Data shown in Fig. 3 for In 3 La were obtained under the assumption of a simple, stationary, stochastic vacancy diffusion mechanism for the Cd probe on the In-sublattice, in which EFG changes in orientation by 90 o in each jump but remains the same in magnitude. Instead, following the initial (nonstationary) jump to an interstitial location, the probe may or may not make subsequent jumps. Fig. 5 illustrates possible scenarios. Fig. 5a shows the Cd probe on an In-site immediately after transmutation. In Fig. 5b , the probe atom is shown displaced close to one of its two neighboring octahedral interstitial sites, where it is surrounded by five In-atoms and the vacated In-site. By symmetry, axes of the EFG at the original In-site and interstitial site are collinear, so there is no reorientation of the EFG in the initial jump although there may be a change in magnitude and/or sign.
If the migration barrier between the In-site and interstitial site is small, then the Cd-atom may rattle back-and-forth in caged motion between the pair of interstitial sites on either side of the original site (Fig. 5c) . Finally, if a neighboring In-atom can jump into the vacated In-site (Fig. 5d) , there will be a reorientation of the EFG at the probe by 90 degrees. Indeed, the combination of motions shown in Figs. 5c and 5d can lead to correlated long-range migration of the Cd-impurity and its associated vacant site. In principle, any of these motions can lead to nuclear relaxation such as that observed.
Qualitatively, the magnitude of observed relaxation for jumping or diffusing atoms is dominated by the change in the EFG tensor in the first jump. Typical values of quadrupole interaction frequencies of Cd on the In-sublattice in In 3 La). Given uncertainties in changes in orientation and magnitude of EFG's in jumps, it will be assumed that the jump-frequency (inverse of the mean residence time) deduced using a generic model is generally uncertain by a factor of three. From Fig. 3 , the fitted jump-frequency is 2 GHz at 1000 K (note a factor of two correction in the erratum in [2] ), suggesting a corresponding residence time in the range 0.2 to 1.5 ns. The residence time can be that short because, following transmutation, the jump is not mediated by a diffusing point defect.
It is remarkable that the lattice location of Cd appears so unstable against transfer to an interstitial lattice location. Based on an extrapolated frequency of 800 Hz at room temperature [2] for the In-rich In 3 La sample in Fig. 3 , the mean residence time of 111 Cd on the In-sublattice in In 3 La is estimated to be in the range 0.4 to 4.0 ms at room temperature. For transfer to an adjacent octahedral interstitial site, there is no change in the orientation of the EFG although it may change sign. Naturally, calculations via a density function theory method such as Wien2k [11] of the stability of a Cd-interstitial adjacent to an In-vacancy and of the associated EFG at the Cd-nucleus will help support the present proposal that the Cd-daughter transfers to an interstitial location following transmutation decay of 111 In. A final, less likely, mechanism involving neither defect mediation nor interstitials is ringdiffusion of three-or four-atom units, with atoms in a unit rotating together in a ratcheted motion about an axis, e.g., a triangular group of the Cd-solute and two nearby In-atoms, or a square group of the solute and three In-atoms, all connected by near-neighbor bonds. Ring-exchange should be more favorable for phases such as In 3 La that have larger lattice parameters, when compared with other In 3 R phases. As described above, large R-atoms open up the spacing of atoms in the unit cell, enhancing the possibility for ring-diffusion by reducing migration enthalpy barriers.
Composition Dependence of the Jump-Rate in the Indides
Still to be explained is why the jump-rate for Cd-solutes to interstitial sites in In 3 La should be greater for In-rich samples than for In-poor samples, as observed in Figs. 3 and 4 . This is attributed to the greater chemical potential of In atoms in In-rich samples. A greater chemical potential of In increases the mole fraction of In and creates a "particle pressure" that drives solute atoms off the Insublattice. Assume that each site on the In-sublattice may be either vacant or occupied by a single 
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In-or Cd-atom and that sites are noninteracting. The partition sum for a site can then be written in grand canonical formalism as 
since the mole-fraction of Cd solutes is vanishingly small and essentially invariable, the Gibbs factor in the numerator of eq. 2 has essentially a very small constant value, B. From eq. 1, the probability that a site is occupied by an In atom is then
and from eqs. 2 and 3, the ratio of probabilities is equal to
which decreases as In  becomes more positive; that is, as the mole fraction of In increases. This argument shows that the equilibrium mole-fraction of solutes on the In-sublattice decreases with increasing In  . Chemical equilibrium drives a kinetics that forces solutes away to other sites.
Summary and Conclusions
Earlier measurements along the series of In 3 R phases suggested that there were two competing mechanisms for diffusion of 111 Cd probes on the In-sublattice, dominant at opposing ends of the series [5] . More recent measurements on Pd 3 R phases demonstrated a change in site-preference of In-solutes along the series and suggested from observed nuclear relaxation that there is also a change in site-preference of daughter Cd solutes. A similar decrease in site-preference of Cdsolutes along the In 3 R series close to R= La is posited. The very large magnitude of relaxation in In 3 La and similar phases appears to rule out a vacancy-mediated diffusion mechanism. The most likely mechanism has Cd-solutes created on In-sites in indides (or Pd-sites in palladides) with R= La, Ce, Pr, Nd first jumping to neighboring interstitial sites [7] . Existence or not of subsequent jumps cannot be resolved from the measurements because the overall relaxation is dominated by the change in the EFG in the first jump. Given this interpretation, the fitted activation enthalpy of 0.53(1) eV for the In-rich data set shown in Fig. 3 is equal to be the migration barrier for a Cdsolute to jump between an In-site and neighboring interstitial site. The jump-frequency prefactor of 1.0 THz is reasonably consistent with the vibrational frequency of an atom in a solid. A variety of scenarios were presented that can in principle be tested by calculations of site-enthalpies and migration barriers to jumps using density function theory programs such as Wien2k.
